We demonstrate that basis sets suitable for electronic structure calculations can be obtained from simple accuracy considerations for the hydrogenic one-electron ions Y (Y −1)+ for Y ∈ [1, Z], necessitating no selfconsistent field calculations at all. New universal even-tempered basis sets are presented for all atoms in the periodic table, 1 ≤ Z ≤ 118, employing even-tempered parameters from the commonly-used universal Gaussian basis set (UGBS) [E. V. R. de Castro and F. E. Jorge, J. Chem. Phys. 108, 5225 (1998)]. It is shown that the new sets reproduce non-relativistic spin-restricted spherical Hartree-Fock total energies from fully numerical calculations to better accuracy than UGBS that is shown to exhibit huge errors for some elements, e.g. 0.19 E h for Th + and 0.13 E h for Lu, as it has been parametrized for a single atomic configuration. This causes significant errors also to UGBS ionization potentials and excitation energies. As the universal hydrogenic Gaussian basis sets suggested in the present work are built strictly from first principles, also polarization shells can be obtained in the same fashion in contrast to previous approaches. The present approach is also straightforward to extend to relativistic calculations, and could facilitate studies beyond the established periodic table.
I. INTRODUCTION
Basis sets are the keystones of quantum chemistry, as they are used to define the allowed degrees of freedom for the one-particle states of the electrons, that is, the molecular orbitals ψ i as
Equation (1) leads to a discretization of the electronic structure problem, which can then be solved on a computer. Although several kinds of basis sets can be adopted for molecular electronic structure calculations (see e.g. ref.
1 for an overview), a linear combination of atomic orbitals
is the traditional choice, as it usually affords an excellent level of cancellation of systematic errors in the study of energy differences. Due to the facility they afford by analytic integral evaluation, Gaussian basis sets
have been the overwhelmingly dominant type of atomic orbital used in computational chemistry for a long time, and a plethora of Gaussian basis sets tailored for various purposes have been published in the literature; see e.g. refs. 2-4 for further details. While typical applications to modeling chemical reactions use compact Gaussian basis sets that have been tightly optimized and carefully constructed for this specific purpose, they do not always fulfill all the needs of a a) Electronic mail: susi.lehtola@alumni.helsinki.fi computational chemist. Few sets cover all of the periodic table in a uniform manner, and even fewer can be used for all-electron calculations, the rest employing effective core potentials; the situation is, however, improving as systematic basis sets covering (almost) the whole periodic table are becoming available. [5] [6] [7] Large uncontracted basis sets are often necessary for accurate studies of atoms and small molecules with Gaussian-basis electronic structure programs, but they are not often readily available. If a large enough basis set is used, it has accrued sufficient variational freedom to become universal, meaning it can be used for all atoms. 8, 9 Because of this, universal basis sets are often useful for benchmarking purposes, as they are typically available for all elements, which is often not the case with commonly-used, carefully optimized basis sets. Fully numerical basis sets such as those used in refs. 10-12 are an excellent proof of the concept of universal basis sets: a few hundred radial basis functions suffice to reproduce Hartree-Fock and density functional energies beyond microhartree accuracy for all atoms in the periodic table (H-Og) at the non-relativistic level of theory. 10, 12 The universal Gaussian basis set 13 (UGBS) is likely the best-known example of universal Gaussian basis sets, [14] [15] [16] [17] [18] and at present is the all-electron basis that supports the most atoms according to the Basis Set Exchange. 19 The UGBS has been parametrized for H-Lr excluding Pa-Np, Cm, and Bk, 13 and employs a common set of exponents on for all angular momenta that range from O(10 −2 ) to O(10 8 ), depending on the atom. Because of its accuracy and wide availability, the UGBS of ref. 13 has been used in a wide variety of studies including (but not limited to) atomic charges; 20 optimized effective, 21, 22 model Kohn-Sham, 23 modified Slater, 24 Fermi, 25 and exact exchange-correlation potentials; 26 steps in the Kohn-Sham potential, 27 visualization of atomic sizes, 28 simplified relativistic calculations, 29 the basis set convergence of spin-spin coupling constants, 30 the characterization of density functionals, 31, 32 semi-numerical implementations of relativistic exact exchange, 33 strongly repulsive interatomic potentials, 34 and as a starting point for new energy-optimized basis sets; [35] [36] [37] [38] we refer the reader to the literature for more details. In addition to the UGBS of ref. 13 discussed above and the likewise commonlyused universal basis set for Rydberg states, 39 there are a number of other universal Gaussian basis sets that have been reported in the literature but do not appear to have become as well known. These include the relativistic universal Gaussian basis sets [40] [41] [42] as well as many others; we again refer the reader to the literature as a sufficiently thorough overview cannot be presented here.
However, universal Gaussian basis sets are problematic for molecular calculations. Due to their size, universal basis sets like UGBS may cause severe issues with linear dependencies in molecular calculations; however, this problem has been solved recently. 34, 43 Next, since the basis sets are typically obtained from atomic multiconfigurational Hartree-Fock calculations for a single state, they are not guaranteed to be accurate for other atomic states. Moreover, polarization and/or correlation functions that are needed for accuracy in molecular and post-Hartree-Fock calculations, respectively, have to be construed in some other manner. Although it is possible in principle to employ a common set of exponents for the occupied and unoccupied shells (as is done in ref. 30 , for example), the resulting basis sets are untractably large for most applications, as unnecessarily many polarization functions are produced.
In the present work, we will show that polarized universal basis sets can be constructed via completenessoptimization 44,45 on hydrogenic atoms; a similar approach was recently used successfully for determining fully numerical basis sets for diatomic molecules. 11 The method developed in the present work allows rapid generation of novel basis sets with pre-estimated accuracy, without the need for costly electronic structure calculations. We will describe the method in detail in section §II, and show its results for non-relativistic spin-restricted Hartree-Fock calculations on neutral atoms and their cations in section §III. The work is summarized and conclusions are presented in section §IV. Atomic units are used throughout the text.
II. METHOD

A. Hydrogenic wave functions
The idea for using hydrogenic ions as a proxy for determining if the basis set is complete enough arises from our recent work on initial guesses for electronic structure theory. 46 The atomic orbitals for any atom can be in principle obtained from a scalar radial potential V eff (r), which features a screened nuclear charge. Rewriting the radial potential, which is easy to extract from density functional calculations, 12, 46 in terms of the Coulomb po-tential of an effective nuclear charge V eff (r) = −Z eff (r)/r shows that near the core, the electrons experience the full nuclear charge, while far away the exact potential has a −1/r behavior but approximate density functional potentials decay exponentially. 46 At intermediate ranges, the nuclear charge falls somewhere in-between the full nuclear charge and the unit nuclear charge.
As we now know the form of the potential the electrons are moving in, an exceedingly simple recipe for building Gaussian basis sets can be postulated: if the basis set can represent the ground states of all one-electron ions from neutral hydrogen to the extreme cation Z (Z−1)+ , it should likewise do a good job at describing the electronic structure of the atom with a full set of interacting electrons.
A similar conclusion can also be reached for polarization functions: they, too, experience the same (unknown) scalar potential V eff (r) as the other electrons. What makes polarization functions different from occupied orbitals is the higher kinetic energy arising from the l(l + 1)/r 2 term. Since orbital energy denominators arise both in post-Hartree-Fock methods and self-consistent field perturbation theory, 47 the l(l + 1)/r 2 term means that regardless of the electronic structure method, tight exponents become less and less important as l growsand this effect can already be captured by the study of the hydrogenic ions.
However, the indirect effect of the l(l + 1)/r 2 term is not captured by the hydrogenic ions: the effective charge is smaller further away from the nucleus. 46 For instance, the 1s, 2s and 2p orbitals are a fraction of the size of the 3d orbital in Kr, meaning that the 3d orbital does not experience the full nuclear charge. This screening of the charge could be employed to limit the range of Z in increasing l. However, we will consider the full Z for all l values for the present purpose of proof of principle, since part of the orbitals always tunnel through to small r where the charge is screened less; an adequate representation of tight functions with large l may also be necessary for post-Hartree-Fock approaches with core correlation.
As a large number of hydrogenic calculations are required for the optimization, a specialized implementation is used to solve the hydrogenic problems. It is straightforward to derive the elements of the overlap S, nuclear attraction V nuc and kinetic energy T matrices in the basis defined in equation (3) by use of standard techniques (see e.g. ref. 10) . The matrices are diagonal in l and m and carry no m dependence, 10 meaning that the exponents can be determined independently in each l block. The expressions within each block turn out to be exceed-ingly simple
Given a set of exponents {α i }, the hydrogenic energy can be computed by solving the generalized eigenvalue problem
where C and E are the matrix of orbital coefficients and diagonal matrix of orbital energies e i ; the lowest e i yielding the energy of the hydrogenic ground state. Equation (7) is solved using a canonically orthonormalized basis set, 48 in which a 10 −7 threshold is used to eliminate any linear dependencies in the basis.
B. Completeness-optimization
It is well known that full optimization of basis sets with N 1 exponents turns out to yield sequences that resemble a geometric one In a full optimization of the primitives, 51 the outermost energy-optimized exponents move out compared to the sequence of equation (8), 50, 52 whereas in completenessoptimization the outermost exponents move in. 45 The primitives arising from equation (8) are known as even-tempered. 53 Even-tempered expansions are interesting for their simplicity. Expressing N 1 exponents in terms of two parameters α 0 and β makes it simple to generate large expansions that are appreciably close to the fully optimal ones, and the sets are trivial to augment with further tight and diffuse functions for basis set convergence studies. Most importantly, even-tempered exponents span the Hilbert space evenly, 54 and become complete when α 0 → 0, β → 1, and N → ∞; 55 accurate molecular properties can be achieved by approaching this limit. Moreover, α 0 and β optimized for individual atoms are close to optimal also in a molecular environment if a large enough basis set is used. 55 As was already mentioned in the Introduction, the present approach works by completeness-optimizing the basis set. The completeness of a basis set can be quantified as its ability to represent a given test function with parameter α, as measured by the norm of its projection onto the basis set 56
from which 0 ≤ Y (α) ≤ 1; the test function for Gaussian basis sets is typically chosen as a primitive Gaussian and the parameter α as the test function's exponent. A completeness-optimized basis set 44 maximizes the completeness profile Y (α) for some range of exponents α ∈ [α min , α max ], where the limits α min and α max are determined by trial and error for the property in question. 44 Although equation (9) suggests a way to optimize the primitives in the basis for given values α min and α max as was already hinted above (see details in ref. 45 ), since the idea in completeness-optimization is to expand the limits α min and α max until the property no longer changes, we believe completeness-optimization of the primitives is unnecessary and that a simple even-tempered expansion should suffice. (The β parameter, however, could be fixed based on completeness arguments; see the Appendix.)
The procedure for the completeness-optimization of the proposed hydrogenic basis sets proceeds as follows. First, the values for α 0 and β of the even-tempered sequence are fixed. For the value of α 0 and β we will use the UGBS values α UGBS 0 = 0.02000046 and β UGBS = 1.958150. 13 Next, we allow exponents smaller than α 0 to be produced by letting the index i have negative values in equation (8) . As scaling α 0 → α 0 β j with integer j is tantamount to relabeling the indices i → i + j in equation (8), α 0 only matters modulo β and can be restricted without loss of generality to α 0 ∈ [1, β). The value used for α 0 makes no difference in the completeness argument: if a large enough set of exponents is used, any choice of α 0 should yield the same answer at the end. (Note that in the complete basis set limit β → 1 as was discussed above, 55 and α 0 indeed becomes irrelevant.) To prove that the choice for α 0 is unimportant, we will also examine the case of maximally different exponents obtained by choosing α 0 → α 0 √ β in addition to studying the UGBS value of α 0 .
Having chosen the permitted grid of exponents α i according to equation (8), the optimal single exponent α i that minimizes the energy of the single-electron ion Z (Z−1)+ (equation (7)) is found. Then, steeper exponents i + 1, i + 2, . . . as well as more diffuse exponents i − 1, i − 2, . . . are added one by one until the change in the hydrogenic energy converges to a threshold (Z); this defines the basis set for the ion Z (Z−1)+ as a range of exponents i ∈ i min Z (Z−1)+ , i max Z (Z−1)+ . The basis set for an element can then be acquired from as simply as taking i min = min Z i min Z (Z−1)+ and i max = max Z i max Z (Z−1)+ , as this should satisfy the requirement that all one-electron ions from H to Z (Z−1)+ be reproduced with the specified accuracy.
Because the exact hydrogenic ground-state energy in each l channel
has steep scaling in Z, we define the threshold used in the profile extension as
which essentially means that the hydrogenic energy should be reproduced to a relative accuracy of . The lg β factor has been added into equation (11) to normalize the threshold to unit profile increment. Covering large ranges of exponent space becomes slow for small β values; the normalization with lg β should make the input threshold transferable accross β values. The composition of the unpolarized basis set was chosen as follows: s shell only for H and He, s and p shells for Li-Ar; s, p, and d shells for K-Xe; and s, p, d, and f shells for Cs-Og. Because the above procedure for choosing the primitives does not depend on the role of the shell, occupied, polarization and correlation shells are obtained in an equal fashion. We have parametrized basis sets with up to 3 polarization/correlation shells that range up to i functions in the present work.
III. RESULTS
The PySCF program 57 is used for non-relativistic spin-restricted Hartree-Fock (NRSRHF) calculations employing spherically averaged densities. Even though NRSRHF theory is not accurate for chemistry, it is sufficient for the present purposes of probing whether the basis sets are capable of qualitative electronic structure calculations; also UGBS has been parametrized for non-relativistic calculations. 13 The Gaussian-basis results from PySCF are compared with reference values computed with the fully numerical approach of ref. 12 ; the truncation error of the Gaussian basis set is extracted by substracting the fully numerical reference values from the Gaussian-basis results.
The accuracy of eight novel basis sets at varying thresholds is demonstrated in figure 1 for the cations Z + , whose ground-state configurations and energies are shown in table I. Hydrogenic basis sets parametrized to an error of = 10 −n are denoted with the −n suffix, and are available as part of the supplementary material. The universal hydrogenic gaussian basis set (UHGBS) employs the UGBS values for the parameters α 0 and β, and the augmented UHGBS basis (aUHGBS) is obtained by adding a diffuse exponent to all shells. Results are also shown for the choice α 0 → α 0 √ β that leads upon completeness-optimization to the VHGBS basis set, V being the next letter in the alphabet after U, which can again be augmented to yield the aVHGBS basis set. For comparison, a suitable copy of the UGBS basis set was obtained from the Basis Set Exchange. 19 The atomic energies have large errors with basis sets formed with low thresholds and show piecewise character in Z. However, an universal improvement in accuracy is obtained by tightening the threshold. A reliable reproduction of the energies of cationic atoms is achieved for = 10 −9 , for which the basis set error behaves smoothly in Z. As is clearly seen in figure 1 , the new UGBSstyle basis sets predict significantly lower energies than the literature UGBS basis set that behaves less smoothly in Z and shows significant errors for some atoms, e.g. 1.92 × 10 −1 E h for Th + and 7.56 × 10 −3 E h for Sm + . In comparison, the largest error for the UHGBS basis with = 10 −9 in the range of Z covered by UGBS (see Introduction) is 5.26 × 10 −3 E h for Z = 102.
Small kinks can still be seen for = 9 for the UHGBS basis set in figure 1 at Z = 12, Z = 20, Z = 38, Z = 56, Z = 61, Z = 88, and Z = 92; that is for Mg + , Ca + , Sr + , Ba + , Pm + , Ra + and U + . All of the kinks go away upon augmentation, leaving only the two smooth interveawing curves corresponding to the different choices for α 0 . This confirms that the minor problems in the basis sets of the present work have to do with diffuse character. Mg, Ca, Sr, Ba, and Ra are alkaline metals that are well-known to have diffuse electronic structure; the NRSRHF calculation for their cations also result in a diffuse ns orbital, which is apparently not moving in a −1/r potential assumed in the construction of the basis set.
To demonstrate that the present method works regardless of the β factor, smaller (s) versions of the UHGBS and VHGBS basis sets were obtained with β = β 1.5 UGBS ≈ 2.740160; they are denoted as sUHGBS and sVHGBS, and their augmented versions as asUHGBS and asVHGBS, respectively. The convergence of the energies of the cations Z + with the small basis sets is shown in figure 2. A jagged behavior is again seen at small thresholds , but the curves again become smooth as the threshold is tightened. Still, the large value of β results in truncation errors of tens of hartrees for the superheavy elements. However, we will show later in the manuscript that relative energies are reproduced to a much greater accuracy even in the small basis set.
To investigate the large truncation error for Th + in the UGBS basis set, completeness profiles for thorium for the UGBS, UHBGS-9, and sUHBGS-9 basis sets were computed with Erkale 58,59 and are shown in figure 3 . The largest p, d, and f exponents are similar in UGBS, UHGBS-9 and sUHGBS-9-anecdotally confirming the validity of the present scheme-while the latter two have more tight s functions, and also considerably more diffuse d and f functions which likely arise from the neglect of screening far away from the nucleus. The sUHGBS-9 basis set has considerably more diffuse functions than UHGBS-9, but this may be an effect of undersampling that is made evident by the considerable ripples in the p, d, and f profiles. The NRSRHF ground state for Th + is 7s 2 5f 1 (table I) while the UGBS basis set has been parametrized for the 7s 2 6d 2 configuration; comparing the completeness profiles in figure 3 suggests that the f shell isn't sufficiently well sampled by UGBS.
Analogous results for the neutral atoms Z are shown in figure 4 , with configurations and reference energies from ref. 12 . The alkali atoms Li, Na, K, Rb, Cs, and Fr stand out in figure 4 alike their chemical analogues-the alkaline cations-did in in figure 1 ; the alkali peaks in figure 4 also have a shoulder from the alkaline atoms. In addition, Sc-Cr stand out in the UHGBS results, as do Cu, Ag, and Au; the lanthanoid sequence Cs-Gd and Tm, and the actinoid sequence Fr-U and Md. As with the cations, also these errors go down significantly when an augmented basis set is used, suggesting that the outermost electrons are moving in a potential that is weaker than −1/r.
In contrast to the overall smooth behavior of the hydrogenic basis sets even in the present case of the neutral atoms, the UGBS basis set shows several large errors: e.g. UGBS fails differently for the neutral atoms and for the cations, because the NRSRHF configurations are sometimes pronouncedly dissimilar for the two charge states. Neutral thorium is not a problem for UGBS, because the NRSRHF ground state for Th is 12 7s 2 6d 2 -the same configuration for which UGBS has been optimized 13 -while the 7s 2 5f 1 configuration was used for Th + , as was discussed above. In the case of Lu, the NRSRHF ground state is 4f 14 6s 2 6p 1 while UGBS has been parametrized for 4f 14 6s 2 5d 1 . Also the other large errors of UGBS appear to follow the same pattern: 6s 2 4f 2 5d 1 (low-lying NRSFRHF excited state, see ref. 12) vs 6s 2 4f 3 for Pr, 4f 11 vs 6s 2 4f 9 for Tb, 4f 12 vs 6s 2 4f 10 for Dy, 5f 9 vs 7s 2 5f 7 for Am, 5s 2 5p 1 vs 5s 2 4d 1 for Y, 4f 13 vs 6s 2 4f 11 for Ho, and 4s 2 4p 1 vs 4s 2 3d 1 for Sc.
The truncation errors for the neutral and cationic atoms are studied in table II. For comparability, only the atoms supported by the UGBS basis set were included in the analysis. Although the hydrogenic basis sets build on only one-electron calculations, they are more successful in reproducing the NRSFRHF total energies than UGBS, even though the basis sets share the same parameters; already at a = 10 −7 threshold the hydrogenic basis sets truncation errors are a fraction of that of UGBS.
As we now have data both for neutral atoms and their cations, the truncation error in the ionization potential IP = E(Z + )−E(Z) is simple to compute as the difference between the gaussian-basis value and the fully numerical reference value, and it is shown for the UGBS, UHGBS-9 and sUHGBS-9 basis sets in figure 6 . The where an open f shell is involved and for Z ≥ 90; this might be due to the use of an l independent β parameter in the present work which causes larger deviations from completeness at higher l which become especially clear with large β values, as was seen in figure 3 .
Finally, we study the energy difference between the NRSFRHF ground state and the first and second excited configurations; such energy differences should also be easy to reproduce in Gaussian basis sets due to the cancellation of systematic errors from the representation of the core electrons. Because Aufbau occupations are used in the calculations, each state has a different number of electrons in the various l channels. The ground and excited state configurations and reference energies are again produced by the fully numerical approach of ref. 12 . In order to allow a systematic comparison to UGBS, excitations to polarization shells such as the 1s 1 → 2p 1 and 1s 1 → 3d 1 excitations for hydrogen were excluded. The results are shown in figure 7 . Again, there is a significant amount of scatter in the UGBS results. The errors in the UHGBS excitation energies are considerably smaller and suggest that state orderings are better reproduced with the UGBS or sUHGBS basis sets than with UGBS, which exhibits several negative excitation energies and thereby an incorrect ground state.
Uncannily, the results with the sUHGBS basis set are more accurate than the ones of the UHGBS basis set, suggesting the possibility that the PySCF calculations may not have converged to a sufficient accuracy even though the changes in energy were small. However, since UGBS is by far the smallest basis set out of the three, it is highly unlikely that the large degree of scatter in its estimated truncation errors for excitation energies are caused by the self-consistent field procedure.
IV. SUMMARY AND CONCLUSIONS
We have presented a way to form universal Gaussian basis sets from first principles using only one-electron ions, and shown that they yield accurate electronic structures by non-relativistic spin-restricted Hartree-Fock calculations with spherically averaged densities on the neutral atoms 1 ≤ Z ≤ 118 and their cations. As the method for generating the various angular momentum shells is unaware of what the basis set is used for, the method produces polarization and correlation shells in the same fashion as the shells that are occupied at the self-consistent field level of theory: in either case, the l(l + 1)/r 2 kinetic energy barrier makes tight exponents less important in increasing l. Arguments from perturbation theory suggest that tighter exponents than those reproduced by the current method are likely not important for the energy even at higher levels of theory.
Since screening effects are included only by the ad hoc requirement that the basis set is accurate for the oneelectron ions that interpolate between the known asymptotics of the optimized effective potential-full nuclear charge at the nucleus and a −1/r potential far awaythe generated basis sets should work well for whatever purpose. Minor problems mostly related to the ns 1 alkali metals and alkaline metal cations and a select few other problematic cases were discovered with the hydrogenic basis sets. It was found that the errors went down upon augmentation of the basis set with diffuse functions, suggesting that the outermost electrons are moving in a potential weaker than −1/r. However, as the present approach is not restricted to integer values of Z, augmented basis sets optimized for the hydrogenic problem −q/r with q < 1 could be employed.
Some large discrepancies were discovered in the UGBS basis set. 13 The UGBS has been parametrized for atomic multiconfigurational Hartree-Fock ground states, and thereby has no guarantee of accuracy for other atomic states. Moreover, strictly speaking UGBS has not even been parametrized as a Gaussian basis set: ref. 13 em-ploys a Griffin-Wheeler-Hill 60,61 (GWH) integral formulation of the Hartree-Fock method, 62 in which the usual basis set expansion of equation (1) is replaced by an integral expression ψ i (r) = C i (α)χ(r; α)dα (12) and the unknown weight functions C i (α) are finally solved at discrete grid-points α j . However, as the grid points α j are typically chosen evenly spaced in log α, this procedure appears to amount simply to the use of an integral-transform function basis set, 63 that is, an eventempered set of integrals of Gaussian functions instead of even-tempered Gaussians as the basis functions. Although the universal hydrogenic basis sets developed in the present work employ the same even-tempered expansion as UGBS, the hydrogenic sets reproduce significantly smaller truncation errors than UGBS, even though the hydrogenic sets have not been optimized for any particular atomic state. Although only non-relativistic theory has been considered in the present work, large non-relativistic basis sets have been found to be useful also for relativistic calculations. 64 However, basis sets optimized for the total angular momentum quantum number j are more efficient for heavy elements, 65 requiring relativistic basis set optimizations. The present scheme can be extended in a straightforward fashion to relativistic calculations with finite-size nuclei, 66 and could be used e.g. in stud- ies across and beyond the established periodic table. 67 
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APPENDIX: COMPLETENESS-OPTIMIZED β
If necessary, the spacing β of the exponents can be derived from a completeness argument. Assuming an infinitely large even-tempered expansion α i = α 0 β i with α min → 0 and β → 1, the largest deviation from completeness ∆ = 1 − Y (α) will be at α = α 0 β i+1/2 . The value of β can then be fixed based on the maximal deviation from completeness ∆ at the limit of an infinitely large even-tempered basis set. However, due to the l dependence of the overlap (see equation (4)), the values of β decrease monotonically in angular momentum, 45 leading to a tighter spacing of the exponents for increasing l. In contrast, the basis sets developed in the present work employ a fixed value of β for all angular momenta, as exploratory calculations suggested the gain in an angular momentum dependent β would be small. (c) sUHGBS-9 Figure 6 : Basis set truncation errors in NRSRHF ionization potentials for the UGBS, UHGBS-9, and sUHGBS-9 basis sets. Note the different scales on the y axes. 
